One of the objectives of this study was to delineate the effect of nitrate on diethyl phthalate (DEP) oxidation by conducting a bench-scale ultraviolet (UV)/H 2 O 2 and O 3 /H 2 O 2 operations as suggested in a previous study. We also aim to investigate DEP oxidation at various UV doses and H 2 O 2 concentrations by performing a pilot-scale advanced oxidation processes (AOP) system, into which a portion of the effluent from a pilot-scale membrane bioreactor (MBR) plant was pumped.
INTRODUCTION
Phthalates were known to be the dominant pollutant in water samples in a 5-year monitoring survey (2000) (2001) (2002) (2003) (2004) of micro-pollutants in rivers and small streams in the Han River basin, Korea. At all the sampling sites, up to nine kinds of phthalates were detected, of which the concentration range of diethylhexyl phthalate (DEHP) was the highest, followed by diethyl phthalate (DEP) in this survey.
The concentrations of DEP ranged from 0.0 (not detected) to about 6.5 mg/L at a sampling site during this monitoring period (Oh et al. 2006) . No nationwide systematic studies for monitoring phthalates were ever conducted for those dissolved in the effluents from domestic wastewater treatment plants. DEP is used as a plasticizer for cellulose ester plastic films, sheets, vinyl acetate, and polystyrene (Api 2001) . DEP has also been reported to be an ingredient in cosmetic products, including bath preparations, eye shadow, perfumes, hair sprays, nail polish and enamel removers, nail extenders, bath soaps, detergents, aftershave lotions, and skin care preparations (Pereira & Rao 2007) .
chemicals that have adverse effects on organisms even at low concentrations (Sharp et al. 1995; Harrison et al. 1997; Chen & Sung 2005) . Moreover, they can cause various etiological diseases such as disorders of the male reproductive tract, breast and testicular cancers, and dysfunction of the neuroendocrine system (Parkerton & Konkel 2001) .
Advanced oxidation processes (AOPs) have been known to be feasible alternatives to effectively removing DEP in solutions (Mailhot et al. 2002; Oh et al. 2006; Park et al. 2007a) . The AOP involving UV and H 2 O 2 is increasingly being used to oxidize complex organic chemicals dissolved in treated effluents from domestic wastewater treatment plants, for water reuse (Metcalf & Eddy, Inc. 2003 ). The UV oxidation or ozone oxidation process typically involves the generation and use of hydroxyl radicals, one of the most active oxidants known. Hydroxyl radicals, unlike other oxidants, are capable of oxidizing almost all the reduced materials present in treated effluents, without restriction to specific classes or groups of compounds (Metcalf & Eddy, Inc. 2003) . The typical concentrations of NO 2 3 -N range from 3 to 5 mg/L in the biologically well-treated effluents. However, nitrate ions, NO 2 3 , is a well-known strong absorber of UV light in the case of wavelengths generally below 250 nm (Mark et al. 1996; Mack & Bolton 1999) . NO 2 2 from NO 2 3 photolysis may hinder the degradative oxidation reactions of organic chemicals enhanced by hydroxyl radicals. There were very limited numbers of studies, though, in which the effects of nitrate in an aqueous solution were systematically determined for the H 2 O 2 /UV process (Sorensen et al. 1997; Ko et al. 2006 Ko et al. , 2007 Park et al. 2007a) . In a previous study (Sorensen et al. 1997) , the UV oxidation for EDTA (Ethylenediaminetetraacetic Acid) degradation was studied with wavelengths of 222 and 254 nm in NO 2 3 solutions, in the presence and absence of H 2 O 2 . The effects of the NO 2 3 concentrations 0, 10, 20, 50, and 100 mg/L were investigated, where the NO 2 3 concentration range studied was quite different from that in this study. In our previous studies, effects of nitrate on the UV photolysis were investigated for the degradation of VOCs (Volatile Organic Compounds), 2,4-dichlorophenol and DEP in aqueous solutions. The oxidation of DEP was not severely hindered by nitrate ions (5.0 mg NO 2 3 -N/L) with an initial H 2 O 2 concentration of less than 10 mg/L at any reaction time.
However, the scavenging effect was remarkable with an initial H 2 O 2 concentration of 30 mg/L, when the reaction times ranged from 1.0 min to 2.0 min, and the effect was rather reduced with an initial H 2 O 2 concentration of 50 mg/L at any reaction time. The scavenging effects on the oxidation depended on the concentration of the compounds dissolved in solutions, initial concentration of H 2 O 2 and UV doses under the operating conditions described in those studies.
Some studies were conducted to find an AOP process that can feasibly remove DEP in water and to investigate transformation products (Mailhot et al. 2002; Oh et al. 2006; Park et al. 2007a) . The removal efficiencies of DEP by the ozone oxidation, UV oxidation and ozone/UV oxidation were presented using a semi-batch AOP system (Oh et al. 2006) , where the DEP concentration range (100 mM or 22.2 mg/L) in aqueous solutions studied turned out to be almost 2.000 times higher than this study's findings. No
research has yet been conducted on the effect of nitrate on the UV oxidation of DEP dissolved in treated effluents except our previous studies.
One of the objectives of this study was to delineate the effect of nitrate on the oxidation of DEP by conducting a bench-scale UV/H 2 O 2 and O 3 /H 2 O 2 operation at a reaction time, and at an initial concentration of H 2 O 2 and NO 2 3 -N, as suggested by a previous study. We also aim to investigate the oxidation of DEP at various UV doses and H 2 O 2 concentrations by performing a pilot-scale AOP system, into which a portion of the effluent from a pilot-scale MBR plant was pumped. The effluent was used as influent for the AOP system. The identification of the intermediates from the DEP oxidation was not within the scope of this study.
MATERIALS AND METHODS

Bench-scale AOP System
Experiments were carried out in a bench-scale AOP system, which consisted of a 8.4 L jacketed brown-glass reactor and a 3.6 L stainless-steel reaction chamber. The reactor and UV chamber were interconnected with Teflon tubes, and were identical to those used in the previous study (Ko et al. 2006; Park et al. 2007b) . The UV lamp in the chamber (Trojan   Logic TM All solvents and reagents used in this study, including diethyl phthalate (99.9%, Sigma-Aldrich), hydrogen peroxide (35% w/w, Showa), and NaNO 3 (98%, Shinyo), were of analytical grade. The aqueous solution that was poured into the reactor was prepared as described in a previous study (Park et al. 2007b ). This solution was again completely mixed with the use of a recirculation pump for the first minute, without any UV irradiation, and the UV lamp in the chamber was turned on to initiate the oxidation reaction.
Samples (40 mL) were regularly collected according to the pre-determined schedule. The ozone concentrations in solutions were regularly measured using a dissolved ozone monitor (Q45H/64, ATI). All the experiments were performed in batch mode, and pH levels in the reactors were not controlled. 
Pilot-scale AOP System
Analytical methods
The solid-phase micro-extraction (SPME) method was employed for the pre-treatment of the samples. The SPME method is a solvent-free isolation technique that is known ions, which accumulated during the reaction (Mack & Bolton 1999; Sharpness et al. 2003) . The oxidation efficiencies consequently decreased due to the OH radical scavenging of the photo-chemically generated NO 2 2 , as shown in the following chemical reactions (Coddington et al. 1999) . 
Pilot-scale AOP operation
The major characteristics of the effluent (i.e., influent for the pilot-scale AOP system) from the pilot-scale MBR plant for domestic wastewater treatment are shown in Table 1 .
Because the effluent from this MBR was treated by filtration through a nominal 0.1 mm hollow fiber membrane, very low concentrations of BOD and turbidity were produced that could provide an effluent for water reclamation following the AOPs. The turbidity was steadily less than or around 0.05 NTU. The concentrations of DEP in the influents Figure 3(a) . It is noted that the DEP observed was not artificially spiked, but occurred naturally, which was dissolved in the treated MBR effluent streams.
Oxidation efficiencies in the UV irradiation alone were generally higher than those in the O 3 oxidation for DEP removal, which confirmed the results from the previous bench-scale AOP ope ration. As the DEP concentrations in the influents increased, oxidation efficiencies coincidently increased. It must be noted that the effects of nitrate on the oxidation should be carefully considered for these experimental results, as the NO 2 3 ZN concentrations ranged from 2.0 to 4.2 mg/L during this operating period. However, there was no way in eliminating them from the overall results. However, it is interesting to note that oxidation efficiencies rather decreased as the H 2 O 2 concentration increased from 10 to 40 mg/L at a UV dose of 600 mJ/cm 2 . 
